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Electron transfer dissociation (ETD) has become increasingly used in proteomic analyses due
to its complementarity to collision-activated dissociation (CAD) and its ability to sequence
peptides with post-translation modifications (PTMs). It was previously unknown, however,
whether ETD would be compatible with a commonly employed quantification technique,
isobaric tags for relative and absolute quantification (iTRAQ), since the fragmentation
mechanisms and pathways of ETD differ significantly from CAD. We demonstrate here that
ETD of iTRAQ labeled peptides produces c- and z˙ -type fragment ions as well as reporter ions
that are unique from those produced by CAD. Exact molecular formulas of product ions were
determined by ETD fragmentation of iTRAQ-labeled synthetic peptides followed by high mass
accuracy orbitrap mass analysis. These experiments revealed that ETD cleavage of the N–C
bond of the iTRAQ tag results in fragment ions that could be used for quantification. Synthetic
peptide work demonstrates that these fragment ions provide up to three channels of
quantification and that the quality is similar to that provided by beam-type CAD. Protein
standards were used to evaluate peptide and protein quantification of iTRAQ labeling in
conjunction with ETD, beam-type CAD, and pulsed Q dissociation (PQD) on a hybrid ion
trap-orbitrap mass spectrometer. For reporter ion intensities above a certain threshold all three
strategies provided reliable peptide quantification (average error  10%). Approximately 36%,
8%, and 16% of scans identified fall below this threshold for ETD, HCD, and PQD,
respectively. At the protein level, average errors were 2.3%, 1.7%, and 3.6% for ETD, HCD, and
PQD, respectively. (J Am Soc Mass Spectrom 2008, 19, 1255–1262) © 2008 American Society
for Mass SpectrometryProtein quantification has become an importantand, in many cases, critical component of modernmass spectrometry-based proteomic research
[1–9]. Over the past decade, numerous quantification
strategies have evolved—nearly all of them rely on the
incorporation of stable isotopes for subsequent mass
spectrometric sorting and relative quantification [10 –
19]. Time and method of isotope integration distinguish
these approaches. Whether introduced metabolically
through heavy amino acids or chemically with differ-
entially labeled tags at the peptide or protein level,
mixing of the light and heavy (e.g., control and treated)
peptides results in co-eluting peptide pairs with subtle,
but measurably, different masses [10 –12, 14 –16, 20, 21].
In a clever departure from this paradigm, Pappin et
al. described the concept of amine-reactive isobaric
tagging [13]. Here, differentially isotopically labeled but
isobaric amine-reactive tags (up to four) are embedded
into peptides from as many as four separate peptide
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Once labeled, the four samples are combined and
peptides are sequenced individually by tandem mass
spectrometry using collision-based dissociation meth-
ods [i.e., beam-type collision-activated dissociation
(CAD) or pulsed Q dissociation (PQD)]. Identical pep-
tides arising from each of the four samples co-elute and
have equivalent m/z values. During MS/MS, however,
vibrational excitation induces cleavage of both the pep-
tide backbone and the isobaric tag. Dissociation of the
backbone gives rise to fragment ions characteristic of
the peptide sequence; dissociation of the tag generates
low mass product ions where each of the four labels
creates a unique m/z reporter peak. Because it allows for
the simultaneous quantification of up to four samples,
iTRAQ has become an important and powerful protein
quantification methodology.
Due to the loss of low mass ions during resonant
excitation (low mass cutoff), the use of iTRAQ labeling
in conjunction with ion trap and ion trap hybrid mass
spectrometers has been limited. That is, ion trap CAD
often results in the inability to detect iTRAQ reporter
ions due to the loss of low mass ions during precursor
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lent sensitivity, and ability to couple with other analyz-
ers such as the orbitrap and Fourier transform ion
cyclotron resonance (FT-ICR) have made ion traps
among the most useful devices for protein and peptide
identification [23]. Beam-type CAD is now available on
hybrid ion trap-orbitrap mass spectrometers, but these
systems only permit detection of product ions in the
orbitrap mass analyzer, which is inherently slower and
less sensitive that ion trap mass analysis [24]. PQD, a
form of ion trap CAD designed to eliminate low mass
cutoff, does allow for detection of low mass-to-charge
fragment ions and is available on a some ion trap and
ion trap hybrid mass spectrometers [25]. Griffin et al.
have demonstrated that PQD is compatible with iTRAQ
labeling and have characterized the quantitative merits
of this approach [26, 27].
Electron transfer dissociation is complementary to
CAD and can be especially useful for sequencing pep-
tides containing post-translational modification (PTM)
[28–36]. ETD allows for rapid peptide sequencing, with
speeds similar to ion trap CAD, but is operated such
that ions of mass lower than 100 m/z are detected
regardless of precursor m/z (i.e., no low mass cut-off).
Work by us and others demonstrate that ion trap CAD
and ETD are complementary; however, ETD and other
electron-based dissociation methods rely on free radical-
initiated peptide backbone cleavage and hence are not
obviously compatible with the iTRAQ tagging strategy.
Here we demonstrate that ETD produces iTRAQ re-
porter ions, unique from those produced by CAD, and
that these reporters allow for peptide quantification of
up to three different samples. Fragmentation of iTRAQ
labeled peptides with ETD results in c- and z˙-type
fragment ions and two fragment ions resulting from
cleavage of the iTRAQ tag. One of the cleavages results
in reporter ions that allow for quantitative comparison
of up to three different samples. Synthetic peptides as
well as digests of protein standards were used to
evaluate the quality of iTRAQ based quantification in
conjunction with ETD in an ETD enabled hybrid linear
ion trap-orbitrap mass spectrometer. Peptide and pro-
tein quantification was compared using ETD, PQD, and
beam-type CAD (HCD).
Materials and Methods
Sample Preparation
Synthetic peptides were obtained from the University
of Wisconsin-Madison Biotechnology Center, standard
proteins were purchased from Sigma-Adrich (St. Louis,
MO), and the iTRAQ labeling reagent was purchased
from Applied Biosystems (Foster City, CA). Bovine serum
albumin, -casein, horse cytochrome c, -lactoglobin,
rabbit phosphorylase B, and carbonic anhydrase were
reduced, alkylated, and digested as previously de-
scribed [37]. iTRAQ labeling was performed accordingto the manufacturer supplied protocol in 70% ethanol
and 0.15 M triethylammonium bicarbonate at room
temperature for 1 h. Samples were subsequently mixed,
desalted using solid-phase extraction, dried to comple-
tion, and resuspended in 100 mM acetic acid before
LC-MS/MS analysis.
Liquid Chromatography and Mass Spectrometry
Synthetic peptides were resuspended in 30% acetoni-
trile with 100 mM acetic acid and infused in the mass
spectrometer via static nanospray Econotips (New Ob-
jective, Woburn, MA). The six protein digest was sep-
arated on-line using nanoflow reversed-phase high-
performance liquid chromatography (nRP-HPLC) as
previously described [38]. Briefly, the sample was
bomb-loaded onto a 5 cm  75 m i.d. precolumn
packed with 5 m C18 reversed-phase packing material
(Alltech, Nicholasville, KY). This precolumn was then
butt-connected to a 7 cm 50 m i.d. analytical column
with Teflon tubing. The sample was eluted into the
mass spectrometer using a 60 min linear gradient from
100 mM acetic acid to 100 mM acetic acid 70% acetoni-
trile at a flow rate of 60 nL/min.
ETD reactions and mass analysis were carried out in
a hybrid linear ion trap-orbitrap mass spectrometer
(Orbitrap; Thermo Fisher Scientific, Bremen, Germany),
which was modified as previously described to perform
ETD reactions [39]. A negative chemical ionization
(NCI) source was fitted to the back of the instrument
and connected to the back of the C-trap via a multipole.
The linear ion trap was modified to enable charge-sign
independent trapping (CSIT). Radical fluoranthene ions
are generated in the NCI source and transported down
the added multipole, through the C-trap and second
multipole, and finally into the linear ion trap where
ETD reactions proceed exactly as they would in a
commercially available linear ion trap mass spectrom-
eter. After fragmentation, product ions can either be
analyzed by the linear ion trap or sent to the orbitrap
mass analyzer for high mass accuracy detection. All
ETD reactions were performed for 85 ms. Precursor
cation target values of 40,000 for ion trap mass analysis
and 300,000 for orbitrap mass analysis were used. PQD
and HCD collision energies were optimized on iTRAQ
labeled synthetic peptides before LC-MS/MS runs.
Normalized collision energies of 45 and 31 were used
for HCD and PQD, respectively. Spectra from infused
samples were averaged for 100 scans. LC-MS/MS ex-
periments comprised of 10 scan events; an MS1 scan
with orbitrap mass analysis followed by HCD (beam-
type CAD in the collision cell followed by orbitrap mass
analysis), PQD, and ETD of the three most abundant
precursors. Fragment ions generated by PQD and ETD
were analyzed in the ion trap mass analyzer while those
produced by HCD were detected in the orbitrap mass
analyzer.
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MS2 spectra were searched using open mass spectrom-
etry search algorithm (OMSSA) [40]. The database
searched consisted of the six protein sequences for our
standard peptides as well as a reversed human Inter-
national Protein Index (IPI) database, which allowed
false positive rate filtering [41, 42]. To limit false posi-
tive identifications, the results were filtered by precur-
sor mass error and OMSSA e-value such that no re-
versed database entries were included. Software was
written in-house to extract quantitative information
from the .dta files. For each scan, peak intensities within
0.5 Da (0.01 for HCD scans) of expected reporter ion
m/z ratios were summed. The software also grouped
peptide identifications into protein identifications, cal-
culated protein ratios by averaging peptide ratios, and
provided standard deviation calculations for each pro-
tein. As shown in Figure 1, each channel was extremely
pure so no corrections were made for isotopic purity.
Synthetic peptide impurities and unequal sample
loss during preparation required normalization. To
accomplish this, the synthetic peptide SSAAKAAAK
was labeled with three iTRAQ tags (114, 115, and 116),
mixed in 1:1:1 ratio, and infused into a hybrid linear ion
trap-orbitrap mass spectrometer. The precursor popu-
lation was then fragmented by beam-type CAD in the
collision cell and analyzed in the orbitrap mass ana-
lyzer. The relative peak heights observed for the 114,
115, and 116 peaks were used to normalize all subse-
quent ETD and HCD scans of labeled synthetic peptide
mixtures. No normalization was performed on the
quantitative data from LC-MS/MS analyses.
Figure 1. Proposed structures of ETD-generate
labeling reagent as attached to a peptide is show
by solid arrows. Bonds cleaved by ETD are i
cleavage products are shown in the top left and
products generated by ETD of iTRAQ labeled
shown.Results
Fragmentation Pathways
To determine the effect of iTRAQ labeling upon ETD
fragmentation a synthetic peptide with the sequence
HAAAHAAAH, no joke, was labeled with each of the
iTRAQ tags (i.e., 114, 115, 116, and 117). Peptides from
each group were separately ionized via nano electros-
pray (infusion) and sampled by an ETD-enabled linear
ion trap-orbitrap hybrid mass spectrometer. Following
the ETD reaction, the product ions were injected into
the orbitrap for m/z analysis. Orbitrap mass analysis
revealed that numerous c- and z˙-type ions were gener-
ated. In this case, only the N-terminus of the peptide
contains an isobaric tag; thus, the entire c-type product
ion series is increased by the exact mass of the intact
isobaric tag (144.1059, 144.0996, or 144.1021 Da depend-
ing on the tag used). Further, we find no cases wherein
c-type ions have lost the isobaric tag.
A comparison of the low m/z region produced fol-
lowing ETD tandem MS of unlabeled and labeled (117)
precursors, however, reveals the presence of two new
m/z peaks: 104.1107 and 162.1354 (Figure 2). Note CAD
cleavage of the peptide generates a reporter tag having
a nominal m/z value of 117 and this peak was not
observed in the ETD spectrum. To identify the compo-
sition of the ETD-generated low m/z peaks, we exam-
ined these mass spectral regions from the product ion
spectra of each iTRAQ tagged peptide (e.g., 114, 115,
116, and 117). Figure 1a–d display the lower m/z
iTRAQ-specific ion from each of the iTRAQ tagged
RAQ reporter ions. The structure of an iTRAQ
p middle). Bonds cleaved by CAD are indicated
ted by dotted arrows. Possible structures for
right. (a)–(h) show mass spectrum of cleavage
ides. Measured masses and error in ppm ared iT
n (to
ndica
top
pept
ag.
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peaks we deduced the best-fit molecular formulas for
each: 101.1073-12C5
14N2H13; 102.1044-
12C5
15N1
14N1H13;
104.1111-13C2
12C3
15N1
14N1H13. Although two molecular
formulas were possible for the latter two of these
masses within an error of 5 ppm, only one for each peak
could be explained by the known structure of the
iTRAQ tagging reagent. The theoretical m/z values of
each of these formulas fits the measured m/z value to
within 4 ppm and is consistent with cleavage of the
N-methylpiperazine reporter region between the N–C
of the iTRAQ tag. Note the intended CAD cleavage site
of the reporter group is one methylene group down-
stream (i.e., between the carbonyl C and C). High mass
accuracy measurements of the 162 peak were consistent
with cleavage between the N–C of the first amino acid
(Figure 1e–h).
From these data, we can identify where the heavy
atoms are located in the iTRAQ tag. The 114 tag
contains two 13C atoms (at the C and the carbonyl)
and an 18O; 115 incorporates an 15N within the
piperazine ring system, a 13C at the C, and an
18O;
116 and 117 each have two 13C atoms and one 15N
within the piperazine ring system; they differ only in
the placement of a third 13C atom, 116 places it at the
carbonyl C while 117 moves it to the C. Because ETD
cleaves the N–C bond product ion spectra from the
116 and 117 tags generate identical reporter peaks,
104.1107 m/z. Therefore, only three unique reporter
ions are available for relative quantification. Our
Figure 2. ETD MS/MS spectra with orbitrap
labeled with the 117 iTRAQ tag. The pullout in
upon ETD MS/MS of unlabeled HAAAAHAA
HAAAAHAAAH labeled with the iTRAQ 117 tresults suggest slightly different chemical composi-tions from those originally reported by Pappin et al.
[13]. However, our results agree with the chemical
compositions provided in the manufacturer supplied
reference guide.
ETD-Generated Reporter Ions are Quantitative
To determine the quantitative capability of these
ETD-generated reporter ions, a synthetic peptide
SSAAKAAAK was labeled with three different
iTRAQ tags (114, 115, and 116). Samples were mixed
in known ratios, infused into an ETD-enabled orbi-
trap mass spectrometer, fragmented by ETD, and
analyzed using the linear ion trap mass analyzer. For
comparison to beam-type CAD, each mixture was
also fragmented by HCD with product ion m/z detec-
tion performed in the orbitrap mass analyzer. Peptide
ratios were calculated as previously described based
on relative peaks areas of the reporter ions using the
following formula; area (reporter ion of interest)/
(area {all reporter ions}) [26]. Thus all values fall
between 0 and 1 with a 1:1:1 ratio  0.33 for all three
reporter ions. Relative peak areas of the 101, 102, and
104 reporter ions corresponded well with peptide
abundance for ratios ranging from 1:1 to 1:68. Figure
3 depicts observed versus expected percentage of
reporter ion intensity. Least-squares fit yielded an
equation of y  0.8973x  0.0342 (R2  0.99). This
compares favorably with our beam-type CAD con-
analysis of synthetic peptide HAAAHAAAH
pper left depicts the low mass region observed
The lower frame is the same reaction but withmass
the u
AH.trol; y  0.9588x  0.0137 (R2  0.99) (see Figure 3).
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PQD, and HCD
Quality of protein level quantification was determined
using protein standards. Six protein standards were
Figure 4. Quantitative error as a function of tota
to the sum of all three reporter ion intensities. Ba
bin. The line graph above depicts the average
exhibit high error (10%) below a certain intensit
Figure 3. Theoretical versus observed ratios for both HCD and
ETD fragmentation of an iTRAQ labeled peptide standard. Samples
of labeled SSAAKAAAK were mixed in ratios ranging from 1:1 to
1:68. Ratios after ETD fragmentation and ion trap mass analysis are
depicted as solid triangles. Ratios after beam-type CAD (HCD)
fragmentation and orbitrap mass analysis are depicted as squares.of scans that fall below this threshold.digested by trypsin, labeled with the same three iTRAQ
labels (114, 115, and 116), mixed in known ratios, and
analyzed via LC-MS/MS with consecutive HCD, ETD,
and PQD scans. Mixing ratios are BSA 1:1:1, carbonic
anhydrase 1:0.5:0.1, -lactoglobin 1:5:10, -casein 1:2:4,
phosphorylase B 1:0.5:0.2, and cytochrome c 1:1:1.
After peptide identification by database searching, av-
erage absolute error (absolute value of expected–ob-
served) was compared with the sum total intensity of
iTRAQ reporter ions in that scan. Figure 4 shows the
number of scans that produced confident peptide iden-
tifications as a function of sum total reporter ion inten-
sity. Scans that produced confident peptide identifica-
tions were binned according to the sum of all three
reporter ion intensities. The bar graphs indicate how
many scans fall into each bin while the line graphs
above indicate the average quantitative error. For all
scan types, average error decreased as reporter intensity
increased. For ion trap scans (ETD and PQD), scans that
exhibited reporter ion intensities summing to less than
1000 exhibited poor quantification; absolute error 
26% for ETD, and 14% for PQD. For HCD scans with
orbitrap detection scans with reporter ion intensities
summing to less than 100,000 resulted in an error of
21%. However, above these values all three scan types
resulted in average errors of less than 10%. Thus, each
mass analyzer appears to have a threshold intensity for
reporter ions below which quantitative results are un-
reliable.
Interestingly,36% of all ETD scans that produced a
confident identification exhibited low reporter ion in-
tensities compared with only 8% of HCD scans and 16%
orter ion intensity. Scans were binned according
hs depict the number of scans that fall into each
for each bin. All three fragmentation methods
eshold; however, ETD generated a large numberl rep
r grap
error
y thr
requi
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proportion of scans that exhibit low intensity reporter
ion populations is that ETD does not result in preferen-
tial cleavage of the N–C bond of the iTRAQ tag. CAD
is known to preferentially cleave the weakest bonds in
the peptide backbone. iTRAQ tagging reagents were
designed specifically so that CAD would preferen-
tially cleave this bond, producing very intense re-
porter ion peaks. ETD cleaves randomly along the
peptide backbone and is largely unaffected by amino
acid composition and/or chemical modification. There-
fore, ETD does not always produce intense iTRAQ
reporter ions.
For the evaluation of protein quantification, only
scans with sum total reporter ion intensities of 1000 or
greater were included for ion trap measurements, and
100,000 for spectra acquired in the orbitrap. The ob-
served ratios were averaged across all scans for each of
the proteins identified. Figure 5 depicts expected versus
observed ratios with standard deviations shown as
error bars. The average difference between expected
and observed was similar for all three dissociation
methods (ETD 2.2%, PQD 3.6%, and HCD 1.7%).
This compares favorably with the 6% error originally
reported for protein level quantification using iTRAQ
Figure 5. Protein level quantification using iTRA
(Top) Each diamond denotes the ratio of one iT
corresponding to one protein. Error bars indicate
ratios in which the proteins were mixed as well as
Note, although -casein was identified by all frag
reporter ion ratios above the minimum thresholdlabeling and beam-type CAD fragmentation [13].ETD is limited by poor fragmentation efficiency of
doubly charged peptides as well as peptides with high
amino acid-to-charge ratios [30, 37]. These caveats can be
overcome by the use of supplemental activation of the
nondissociated electron transfer products [34, 37]. How-
ever, supplemental activation, much like CAD, results in
the loss of low mass ions and is therefore incompatible
with iTRAQ quantification. More tractable approaches
include the use different enzymes (e.g., Lys-C) or modi-
fied digestion conditions (incomplete tryptic digests) that
result in more highly charged precursors. Chemical ap-
proaches may also be used to increase precursor charge
states. Recently, Kjeldsen et al. have demonstrated that
addition ofm-nitrobenzyl alcohol to the liquid chromatog-
raphy mobile phase increases the average charge states of
precursors [32]. The more highly charged precursors
exhibited increased ETD fragmentation efficiency.
Introduction of basic moieties to the peptide through
chemical modification before mass spectrometry may
also provide enhancement of ETD fragmentation effi-
ciency, and though we have not yet measured it in
depth, the addition of the basic iTRAQ group appears
to broadly elevate peptide charge. This could provide
an added benefit for ETD fragmentation, and is a
beling in conjunction with ETD, PQD, and HCD.
channel averaged across all identified peptides
dard deviation. (Bottom) The table describes the
umber of peptides used to quantify each protein.
tation techniques, none of the peptides exhibited
red for accurate quantification.Q la
RAQ
stan
the n
mensubject of current investigation in our laboratory.
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We have demonstrated that ETD of iTRAQ labeled
peptides produces c- and z˙-type fragment ions and
generates unique reporter ions that allow for peptide
and protein quantification. Since the 116 and 117 tags
produce the same reporter ion after fragmentation by
ETD, the user is limited to only three channels of
relative quantification. Synthetic peptides were used to
evaluate the quality of quantification provided by ETD
fragmentation of iTRAQ labeled peptides, and the re-
sults are comparable with those published using beam-
type CAD as well as with our own beam-type CAD
controls. Furthermore, we have compared protein
quantification using iTRAQ and three different frag-
mentation strategies. All strategies provided reliable
quantitative information when reporter ions exceeded a
certain intensity threshold. However, compared with
HCD and PQD, a high percentage (36%) of the scans
identified by ETD exhibited low reporter ion intensities.
Taking efforts to increase precursor charge states may
help reduce the percentages of identified peptide that
exhibit low intensity iTRAQ reporter ions.
A major advantage of this approach is that it enables
multiplexed quantification to be performed on all mass
spectrometers capable of ETD, regardless of their ability
to perform PQD or beam-type CAD. Furthermore,
iTRAQ labeling can now be used in conjunction with
ETD for the quantitative analysis of phosphorylated
peptides and other post-translationally modified pep-
tides that can be difficult to sequence by CAD. Lastly,
decision tree based mass spectrometry approaches have
recently been shown to enhance peptide and protein
identification [43]. By combining iTRAQ labeling with
ETD and either PQD or beam-type CAD, it may be
possible to maximize peptide identifications while retain-
ing the ability to perform multiplexed quantification.
A version of iTRAQ has recently been released that
allows for up to eight channels of quantification. Since
the reporter ion structure remains the same, it seems
likely that ETD will be compatible with these reagents.
Further experiments should confirm this supposition
and determine how many channels of quantification it
can provide.
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